Capacitive accelerometers have been widely used in the fields of mobile phones, automobiles, seismic monitoring and others because of its high sensitivity, good repeatability and high precision. This type of accelerometer usually has a low range. The sensitive structure of the sensor is too vulnerable to damage in high impact environments, so it basically has no ability to detect smaller signals after a relatively high acceleration. This paper presents a capacitive accelerometer which employs a four-terminal fixed structure. Acceleration is outputted by a differential capacitance formed between the mass and the upper and lower glass plates. With consideration of better anti-overload capability and small signal detection capability, structure optimization and anti-overload protection such as chamfer and protection measures have been carried out. According to the simulation results of the optimized structure by finite element analysis software, it has a maximum stress of 62 Mpa when a 20,000g shock is load, the maximum displacement within effective range (100g) is 13.7 µm, and it also has a first-order frequency response of 7.477 kHz. And then, the process flow is designed and the device is fabricated. Static capacitance test and flip test are utilized to verify its static performance. The anti-overload capability of the device is tested and verified by Marshall Hammer impact experiments.
I. INTRODUCTION
Capacitive micromechanical accelerometer is one of the important directions in the field of MEMS accelerometer with its high resolution and high stability. It is widely used in military fields such as space acceleration detection and guided weapons, it also plays an important role in civilian fields such as automotive safety systems and medical services [1] - [3] . Various structures of capacitive accelerometers The associate editor coordinating the review of this manuscript and approving it for publication was wuliang Yin . had been developed, such as the comb-tooth, torsion, cantilever and ''sandwich'' structures [4] . ION company developed a capacitive accelerometer for seismic detection with a temperature range is −40 • C to 50 • C and an excellent low frequency performance, whose structure composed of four independent single crystal lithographic silicon wafers. A comb-type capacitive accelerometer based on TSV packaging technology was developed by The Middle East Technical University of Turkey, which working frequency was 9.45kHz and sensitivity is 1.6pF/g. Due to its high sensitivity, it was widely used in geological surveys, meanwhile it VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ was easy to fail in high impact environments [5] . A dualaxis capacitive accelerometer used multi-layer gold plating process was designed in [6] , its single gold proof mass worked as a dual-axis sensing electrode and therefore it could detect a broad range of acceleration with sub-1G resolution on a single sensor chip. In [7] , a capacitive accelerometer with double-sided symmetrical U-shaped beams was proposed, the sensitivity was up to 15pF/g and non-linearity was 0.6% in a range of 0g to 1g. A micro-mechanical differential capacitive accelerometer based on low-temperature co-fired ceramic(LTCC) was developed in [8] , which had four L-shaped cantilever beams embedded in LTCC multilayer substrate and a capacitance detection chip on the surface of upper plate. It had an excellent linearity in a small impact environment and a sensitivity of 30.3mV/g. The test results showed that it had a certain ability of antioverload, but the cost and the difficulty of processing of the material restricted its applicability. A MEMS capacitive accelerometer with fully symmetrical double-sided H-shaped beam structure was presented in [9] , which fabricated from a single double-device-layer SOI wafer. The high controllable dimension H-shaped beams suspend the mass with a thickness of 560µm. The quality factor and the resonant frequency were 106 and 2.24 kHz. Within the measurement range of 1g, it had a sensitivity of 0.24V/g and a nonlinearity of 0.29%. In [10] , a novel capacitive Z-axis (out of plane) accelerometer was proposed, it contained differential capacitive sensing electrodes with a gap closing design on an SOI wafer. The electrical connection between the device and operating silicon layers of the SOI wafer was available by means of the metal vias. The test results indicated that it had a sensitivity of 196.3mV/G(42.5fF/G) and a maximum nonlinearity of 2% over the range of 0.1-1G. A highly symmetric sandwich accelerometer using a double-device-layer siliconon-insulator (D-SOI) wafer was presented in [11] , with eight L-shaped symmetric beams suspended the proof mass of though-wafer-thickness. The accelerometer was insensitive to the lateral acceleration and rotation disturbance since the sensing mode (first vibration mode) was decoupled from other variation modes that followed. It had a high sensitivity of 55pF/g. MEMS capacitive accelerometer has been widely developed with its high reliability and precision, but it was hard to apply in dynamic testing, especially in high impact test environment. This is mainly due to the contradiction between sensitivity and anti-overload. The working environment of anti-overload accelerometer is generally harsh. It is important that the sensor has a sturdy structure to avoid damage in high impact environments, however it is incompatible with the purpose of high-precision. Therefore, less research has been done on accelerometer that can meet the characteristics of anti-overload and high sensitivity in the low range. In this paper, a capacitive accelerometer is proposed, together with its performance testing. Four beams and central-island mass style has been adopted for the accelerometer, the differential capacitor which is formed of the electrodes between the sandwich structure transforms the acceleration signals. The reliability of the structure is intensified by adding the protection measures and reducing the excessive stress concentration in the root part of the beams. Accurate measurement can be achieved within the safe displacement range of the mass. The rest of the paper is organized as follows: Section II designs the accelerometer structure, Section III investigates the manufacture process of the capacitive accelerometer structure, Section IV tests the performance of the accelerometer, and Section V concludes.
II. STRUCTURAL DESIGN ANALYSIS A. STRUCTURAL MODEL DESIGN
The capacitive accelerometer adopts an anodic bonding mode with a glass-silicon-glass sandwich structure. Silicon is used to design four cantilever beams, and then the signals can be detected accurately. The structure model is shown in Fig. 1 . According to the force characteristics, the cantilever beams can be simplified as shown in Fig. 2 . In the model, the length, width and thickness of the beam are a 1 , b 1 and h 1 , respectively. The length, width and thickness of the mass are 2a 2 , b 2 and h 2 . When the structure is struck along the Y axis, the loads that the cantilever beams and mass receive are q 1 and q 2 [12] .
The excess restraint moment is X 1 . According to the canonical equation, X 1 can be expressed as:
where E is the Young's modulus of the silicon, I 1 and I 2 is inertia moments of beam and mass respectively.
The formula is resolved as follows:
The moment equation for any cross-section of the beam is:
Therefore, the differential equation of the deflection of the structure is:
The boundary conditions are:
The structure mechanical sensitivity can be got that:
According to [13] , the first order natural frequency of the structure is:
Combining formulas ''(2)'' and ''(3)'', the polynomial equation is solved in MATLAB, and the deflection y(x) of the structure can be calculated. After the analysis of the structure, it can be found that a shorter, wider and thicker cantilever improves the resonance frequency and has a small influence on the sensitivity [14] , [15] . Then, the width and length parameters of the beam are optimized by utilizing a MATLAB simulation (the resonance frequency of the structure can be adjusted later by verifying the thickness value h 1 ), and the deflection, stress, resonance frequency and mechanical sensitivity are analyzed; the results are shown in Fig. 3 and Fig. 4 . It can be seen from the figures that a larger a1 and a smaller b1 decrease the stress and increase the structure sensitivity and resonance frequency [16] .
After considering the sensor performance and manufacturing method, the structural parameters of the structure are optimized and shown in Table 1 :
Static analysis is used to calculate the strain and displacement responses of structures under stable stress and constant loads [17] . The equivalent stress distribution of the sensor structure is shown in Fig. 5(a) , and the equivalent displacement distribution is shown in Fig. 5 (b) , after an acceleration impact signal of 100g is applied in the sensitive direction of the accelerometer.
After applying an acceleration shock signal of 100g in the sensitive direction Z of the acceleration sensor, the equivalent stress distribution of the sensor structure is shown in Fig. 4(a) , and the equivalent displacement distribution is shown in Fig. 4(b) . VOLUME 8, 2020 According to Fig. 4 , the maximum displacement of the mass is 13.7 µm under the 100 g impact. At this moment, the protection is fitted with a glass plate, the equivalent stress of the cantilever beam is 30.3 MPa, and the value is smaller than the allowable stress in silicon (80∼120 MPa).
The variable capacitance is as follows:
Then C = 3.02pF. The sensitivity is calculated with the formula: C/a = 3.02 × 10 −2 pF. The maximum stress, the equivalent displacement and the capacitance change linearly with each other under impacts of 20g, 50g, 80g, 100g, and the data are shown in Table 2 .
C. HIGH-OVERLOAD ANALYSIS
In addition, a static simulation of the sensor in an overload environment of 20,000g is carried out by considering the working mode of the sensor. At 100g, the mass and the glass substrate are fitted; under the high-overload environment, the shock stress received by the accelerometer is mainly absorbed by the cantilever beams. The maximum stress of the sensor is shown in Fig. 6 .
The maximum stress is 12.8 MPa, which exceeds the allowable stress in silicon. At the same time, under the highoverload environment, the displacement of the mass is large, and the cantilever beams will break and fail. To ensure the stability of the accelerometer under high-impact conditions, chamfers at both ends of the cantilever beam are introduced to improve the anti-overload characteristics of the sensor. The chamfers are shown in Fig. 7 .
By analyzing the influence of different sizes of fillets on the stress dispersion, the best anti-overload performance of the sensor is obtained when the chamfer size is 55 µm. The maximum stress cloud in a high-overload environment is shown in Fig. 8 .
Mechanical analysis of the sensor with a chamfer structure under an impact of 20,000 g is carried out:
(1) The mass experiences an impact of 100g, the maximum displacement is 13.7 µm, and the stress at the root of the beam is 30.3 MPa; at this time, the mass block is attached to the glass substrate;
(2) When the impact signal exceeds the range, the mass block is attached to the glass substrate, and the residual impact signal is mainly borne by the cantilever beam. The maximum stress of the sensor is 62 MPa, and the maximum displacement is 0.223 µm, which satisfies the allowable stress in the silicon-based material.
D. HARMONIC RESPONSE ANALYSIS
Harmonic response analysis is based on modal analysis, which is mainly used to determine the frequency response characteristics of the accelerometer sensor structure, that is, the natural frequencies and mode shapes of the sensitive structures of the accelerometer.
In this paper, the frequency response of the sensor under 100 g is obtained by the harmonic response. As shown in Fig. 8 , combined with modal analysis, the frequency of 6 steps of the accelerometer is obtained. The vibration frequency of each step is shown in Table 3 . The vibration model that corresponds to the frequency of each step is shown in Fig. 9 .
According to the simulation results, the sensitivity direction of the accelerometer is the Z axis. In addition, the second working frequency is larger than the first one. The coupling vibration can be effectively avoided, the sensitivity of the sensor is more stable and the sensitivity is higher.
As shown in Fig. 10 (b) , (c), the second and third-order mode vibration directions are twisted along the X and Y axis directions to reduce the risk of electrostatic adsorption.
To reduce the loss of the signal due to lateral motion, the design scheme of the metal plate is proposed with the upper and lower glass larger than the mass area and the sensitivity of the accelerometer is effectively improved.
III. PROCESS
According to the structural characteristics, the process flow can be divided into two parts: (1) silicon plate preparation and (2) glass plate preparation. The overall processing flow is shown in Fig. 11 [18]- [21] .
A O. Bonding. Achieve the ''sandwich'' capacitive accelerometer. Fig. 12 shows the accelerometer topography under scanning electron microscopy, and Fig. 13 shows the accelerometer topography and the package imaged with a charge-coupled device (CCD) camera.
IV. TESTING A. STATIC TEST
In this paper, wire bonding is used to realize a connection between the metal pad of the accelerometer and the circuit board to complete the package. The capacitance signal is detected by an Agilent E4990A impedance analyzer, as shown in Fig. 14. The capacitive test results are shown in Table 4 . In this paper, the calculated static capacitance of the accelerometer is C = εA/d = 1.51 pF. In practice, however, the sensor itself is subjected to acceleration due to gravity. According to the finite element simulation, the stress of the sensor in this situation is 0.12 MPa, and the equivalent displacement is 0.15 µm. Therefore, the theoretical values of the Upper and Lower Capacitances are: C UP = 1.4964 pF and C DOWN = 1.5257pF.
B. A ± 1 g FLIP TEST OF THE CAPACITIVE ACCELEROMETER
This part carries out a measurement of the upper and lower capacitances by changing the angle of the sensor without an external impact.
The accelerometer is placed at different angles, 0 • , 30 • , 45 • , 60 • , 90 • , 135 • , and 180 • , to complete the static capacitance test. The test results are shown in Table 5 . In the theoretical calculation, when the capacitive accelerometer is positioned vertically, the upper and lower capacitance values of the accelerometer should be equal, but due to a deviation in the processing process, there is a difference between the upper and lower capacitances. According to Fig. 15 , the upper and lower capacitances are approximately equal when the angle is close to 120 • C. By the calculation, the deviation is as follows:
Because the deviation is less than 5%, the structural errors caused by processing flow is negligible and basically meets the test requirements in a low range.
C. DYNAMIC TEST
To verify the anti-overload characteristics of the accelerometer, impact experiments with a Marshall hammer are carried out. The Marshall hammer is a device that is widely used in impact test with its low cost and high availability. The maximum acceleration amplitude can be more than 30,000g, and pulse width is about 90us. The Marshall hammer is mainly composed of a hammer, a runner, a connecting rod, a hammerhead and an iron ingots, and the acceleration sensor is fixed on the hammer by a specific clamp. The sling hammer converts the gravitational potential energy into kinetic energy, which drives the runner, the connecting rod and the hammerhead to rotate, so that the hammerhead hits on the iron ingots and generates an impact overload. Fig.16 . shows Marshall Hammer device schematic. The sensitivity of the accelerometer is calibrated by comparing the capacitive accelerometer with a standard sensor. In the impact experiments, a 988 piezoelectric accelerometer is used as the standard sensor, and the sensitivity of the sensor is 0.399 pC/g. In this paper, the carrier voltage of the channel from the silicon plate is + 5 V. The channel from the upper and lower glass plates is powered by a + 8 V power supply, and the output of the capacitive accelerometer is sent to an oscilloscope. Different overload impact tests are carried out 6 times with the capacitive accelerometer, and the testing results are shown in Table 6 . Under an overload, the output voltage is fitted with the acceleration, and the fitting line is obtained, as shown in Fig. 18 . The sensitivity of the capacitive accelerometer along the Z axis at different g values is obtained by a calculation, as shown in Table 7 .
Through the tests, it is found that the output voltages are similar under different overload conditions. The result is that under a high-overload environment, the capacitance changes of the accelerometer are equal, and the sensor does not fail; thus, the anti-overload characteristics of the accelerometer are verified.
The data are processed according to the output voltage of the capacitive accelerometer. In this paper, an amplification circuit with a magnification of 187 times is used to convert the capacitive signal into the voltage signal of the capacitive acceleration sensor, and the data of the sensor output voltage and the impact acceleration are simulated. The output sensitivities of the measured capacitive accelerometer along the Z axis under different g values are shown in Table 7 .
Through the Marshall hammer impact tests, the sensor exhibits stable output under overload environments of 5,400g, 7,200g, 8,400g, 8,800g and 10,200g, and the output sensitivity is fitted to be 3.96 µV/g.
V. CONCLUSION
A novel capacitive accelerometer with anti-overload characteristics and low range has been presented in this paper. The design, employing a beam-mass structure which is packaged in a sandwich form. The reliability in high impact environments and efficiency in low ranges are achieved by a series of simulations and optimizations. Static and dynamic tests were performed, the results indicate that the capacitance error is less than 5%, the sensitivity of the prototype is 3.96 µV/g which is stable under high impact environments. 
